Introduction
============

Hepatocellular carcinoma (HCC) is one of the most common cancers, is associated with the third highest cancer-related mortality rate worldwide, and accounts for 695 900 deaths per year. Half of these deaths are estimated to occur in China [@R1]. Transcatheter arterial chemoembolization and regional hepatic arterial infusion chemotherapy are the two most important therapeutic strategies for HCC [@R2]--[@R4]. 5-Fluorouracil (5-FU) is the most commonly used chemotherapeutic drug that is used in transcatheter arterial chemoembolization and hepatic arterial infusion chemotherapy to inhibit the growth of HCC cells. 5-FU is an analogue of uracil with a fluorine atom instead of a hydrogen atom at the C-5 position. The mechanism of cytotoxicity of 5-FU has been considered to involve the misincorporation of its metabolites into RNA and DNA and the inhibition of the thymidylate synthase. Unfortunately, cancer cells often develop chemoresistance to this drug [@R5]. Combination chemotherapy has been considered a superior treatment strategy that offers the potential for enhanced efficacy [@R6]. Considerable effort is needed toward the development of new adjuvant therapies that can enhance chemotherapeutic efficacy.

Chlorogenic acid (CGA), one of the most abundant polyphenol compounds in the human diet, is an ester in which the acid part of caffeic acid is bound to the hydroxyl group at position 5′ of quinic acid (5′-caffeoylquinic acid). Coffee is the major dietary source of CGA, the amount of which ranges from 70 to 350 mg in a 200 ml cup of coffee [@R7]. Epidemiological studies have shown that CGA has many biological properties, including antioxidant, anti-inflammatory, antiviral, and anticancer activities, and may be responsible for the reduced risk of some chronic diseases [@R8]--[@R13]. Our previous study also showed that CGA could protect against carbon tetrachloride-induced liver fibrosis through its anti-inflammatory action by the toll-like receptor4 (TLR4)/myeloid differentiation factor88 (MyD88)/nuclear factor-κB (NF-κB) pathway [@R14]. In addition, CGA may prevent diabetes and cardiovascular diseases, and it has been reported that patients with viral hepatitis who drank coffee every day experienced a reduction in the incidence of HCC [@R15]--[@R17]. This may be because of the antioxidant properties of CGA. However, other studies have shown that CGA induces genotoxic effects on human cancer cells. This may be mediated by a prooxidant mechanism by which CGA induces topo--DNA complexes because the oxidant hydrogen peroxide can induce topoisoperase-mediated DNA damage [@R7]. However, the exact underlying mechanism of CGA remains elusive.

In the present study, we evaluated the effects of the combination of CGA and 5-FU on the human HCC cell lines HepG2 and Hep3B. The results indicated that CGA could enhance the 5-FU-induced inhibition of HCC cells' proliferation. In addition, this may be because of the inactivation of the extracellular signal-regulated kinases (ERK) by the CGA-induced overproduction of reactive oxygen species (ROS). CGA is a potential chemosensitizer of 5-FU chemotherapy in HCC.

Materials and methods
=====================

Materials
---------

CGA was purchased from Sigma-Aldrich (St Louis, Missouri, USA) and was dissolved in sterile H~2~O, and 5-FU was purchased from Sigma-Aldrich and was dissolved in DMSO; all were stored at−20°C. The antibodies against phospho-ERK1/2 (Thr202/Tyr204), ERK1/2 and β-actin, were purchased from Cell Signaling Technology Inc. (Danvers, Massachusetts, USA).

Cell culture
------------

The human HCC cell lines, HepG2 and Hep3B, were purchased from the American Type Culture Collection, were kindly provided by Prof. Kuwano, and were cultured in DMEM medium supplemented with 10% fetal bovine serum (PAA Laboratories, Pasching, Austria) at 37°C in a humidified atmosphere of 95% air and 5% CO~2~; the medium was changed every 2 days. Cells in the mid log phase were used in this study.

Assessment of cell viability
----------------------------

HepG2 cells were seeded at a concentration of 2×10^5^ cells per well into a six-well plate. After treatment, HepG2 cells were collected and incubated with 0.4% Trypan blue dye. The stained and unstained cells were counted on a hemocytometer separately under a light microscope [@R18]. Cell viability was calculated according to the following formula:

A cell counting kit-8 (CCK-8) assay was also used to determine cell viability [@R19]. HepG2 and Hep3B Cells were seeded in 96-well flat-bottom microtiter plates at a density of 2×10^3^ cells per well. After 48 h of treatment, the cells were incubated with CCK-8 (10 μl of the CCK-8 solution in 90 μl fresh medium) at 37°C for 1 h. The absorbance of the solution was measured using spectrophotometry at 450 nm with a microtiter plate reader (Bio-TEK, Hercules, California, USA). Cell viability was determined according to the following equation:

Measurement of intracellular ROS
--------------------------------

Intracellular ROS generation was assessed using 5-(and-6-)chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate (CM-H~2~DCFDA) (Invitrogen, Carlsbad, California, USA) [@R20]. The cells were washed in PBS and then incubated with 5 μmol/l CM-H~2~DCFDA at 37°C for 5 min in the dark. The fluorescence of dichlorofluorescein was detected using an epifluorescence microscope (Nikon, Tokyo, Japan) at an excitation wavelength of 488 nm. To avoid photooxidation of the indicator dye, the fluorescence images were collected using a single rapid scan with identical parameters, such as contrast and brightness, for all samples. Flow cytometry was also used to quantitatively determine the intracellular ROS levels. Cells were harvested and incubated in 10 μmol/l CM-H~2~DCFDA for 30 min at 37°C. Then, the cells were washed and resuspended in PBS. Fluorescence was detected using FACScan (Becton Dickinson, Franklin Lakes, New Jersey, USA).

Analysis of apoptosis
---------------------

Hoechst33342 and propidium iodide (PI) staining were used to detect apoptosis as described previously [@R21]. Briefly, staining was performed to identify the nuclei. Nuclear morphology was investigated by fluorescence microscopy (Nikon) and representative images were captured. A condensed or a fragmented nucleus is a morphological characteristic of apoptosis. Early apoptotic nuclei had a bright blue fluorescent appearance, and the late apoptotic cell membrane was damaged, which appeared red because of the PI dye. Cell apoptosis was also assayed using an apoptosis detection kit. Cells were harvested and stained with Annexin V--FITC (Annexin V) and PI. Apoptosis was defined according to Annexin V^+^/PI^−^ (early apoptosis) and Annexin V^+^/PI^+^ (late apoptosis) as determined using FACScan (Becton Dickinson).

Western blot analysis
---------------------

Cells were harvested and lysed in a lysis buffer composed of 20 mmol/l Tris (pH 7.4), 1 mmol/l EGTA, 150 mmol/l NaCl, 5 mmol/l MgCl~2~, and 1% NP-40, and supplemented with protease inhibitor cocktail (Roche, Basel, Switzerland) and phosphatase inhibitor cocktail (Roche). The protein concentrations were assayed using the BCA Protein Assay Kit (Pierce, Rockford, Illinois, USA). Cell lysates (20 μg protein/lane) were separated using SDS-PAGE and transferred onto a PVDF membrane [@R22]. The blotted membranes were blocked with 5% skim milk for 30 min and were incubated with the appropriate primary antibodies (1 : 1000 dilution for ERK1/2 and phospho-ERK1/2; 1 : 2000 dilution for β-actin). The immunoreactive bands were visualized by enhanced chemiluminescence with horseradish peroxidase-conjugated IgG secondary antibodies. The band density was measured using densitometry (G:BOX) and quantified using Quantity One 1-D analysis software (Bio-Rad, Hercules, California, USA).

Statistical analysis
--------------------

Statistical analysis was carried out using one-way analysis of variance with a least significant difference post-hoc test; a *P* value less than 0.05 was considered statistically significant. Experiments were conducted in triplicate and data were expressed as the mean±SEM.

Results
=======

CGA enhanced 5-FU-induced inhibition of hepatocellular carcinoma cell proliferation
-----------------------------------------------------------------------------------

The effect of CGA on HepG2 cells was first observed using a Trypan blue dye-exclusion assay. Below 250 μmol/l, no significant changes were noted with respect to the cell viability of the HepG2. However, as the dose increased, CGA induced a significant inhibition of HepG2 cell viability; 500 μmol/l CGA decreased viability to 61.56% and 1 mmol/l decreased viability to 38% (Fig. S1, Supplemental digital content 1, [*http://links.lww.com/ACD/A98*](http://links.lww.com/ACD/A98)). On the basis of these results and in combination with our previous experiments [@R14], we chose 250 μmol/l CGA for use in the following experiments.

A total of 20 μmol/l 5-FU was added to observe the effect of 5-FU treatment on HepG2 cells. After 48 h, the viability of HepG2 cells decreased to 62.75% according to Trypan blue staining (Fig. [1](#F1){ref-type="fig"}a) and to 57.2% according to the CCK-8 assay (Fig. [1](#F1){ref-type="fig"}b). The combination treatment of CGA and 5-FU induced a more marked decrease to 39.39% (Fig. [1](#F1){ref-type="fig"}a) and 33.43% (Fig. [1](#F1){ref-type="fig"}b) according to Trypan blue staining and the CCK-8 assay, respectively; combination treatment led to an ∼1.6 times increase than the use of 5-FU alone, although few changes were observed with CGA alone. These results suggested that CGA could enhance the 5-FU-induced inhibition of HepG2 proliferation.

![CGA enhanced 5-FU-induced inhibition of hepatocellular carcinoma cell proliferation. HepG2 and Hep3B cells were treated with control, 20 μmol/l 5-FU, 250 μmol/l CGA, and with the combination of 20 μmol/l 5-FU and 250 μmol/l CGA for 48 h at 37°C. (a) Trypan blue dye-exclusion assay was used to observe the changes in the viability of HepG2 cells. (b) HepG2 cell viability was measured using the CCK-8 assay. (c) Hep3B cell viability was also measured using the CCK-8 assay. Experiments were conducted in triplicate. Data are shown as the mean±SEM (*n*=3). \**P*\<0.05. \*\**P*\<0.01 compared with the control. CCK-8, cell counting kit-8; CGA, chlorogenic acid; 5-FU, 5-fluorouracil.](cad-26-540-g003){#F1}

The effect of combination treatment with CGA (250 μmol/l) and 5-FU (20 μmol/l) was also observed in Hep3B cells. After 48 h, the viability of Hep3B cells decreased to 33.33% (Fig. [1](#F1){ref-type="fig"}c). These results supported the idea that CGA could enhance the 5-FU-induced inhibition of HCC cell proliferation.

CGA increased 5-FU-induced ROS production in hepatocellular carcinoma cells
---------------------------------------------------------------------------

Because the exact mechanism of action of CGA remains elusive, we next examined the change in the generation of ROS in HepG2 cells using a fluorescein-labeled dye, CM-H~2~DCFDA, as shown in Fig. [2](#F2){ref-type="fig"}. With the lower concentration (below 250 μmol/l), no significant increase was observed in the production of intracellular ROS by CGA after 24 h (Fig. S2, Supplemental digital content 2, [*http://links.lww.com/ACD/A99*](http://links.lww.com/ACD/A99)). However, 250 μmol/l CGA induced little ROS production (Fig. [2](#F2){ref-type="fig"}a--d). A total of 20 μmol/l 5-FU treatment induced significant ROS production (Fig. [2](#F2){ref-type="fig"}a--e), and the combination of CGA and 5-FU led to an even more prominent production of ROS (Fig. [2](#F2){ref-type="fig"}a--f). These results suggested that CGA could enhance the 5-FU-induced ROS production in HepG2 cells. CGA also enhanced the 5-FU-induced ROS production in Hep3B cells (Fig. [2](#F2){ref-type="fig"}c). In addition to their role as critical molecules in intracellular signal transduction [@R23], ROS can also inhibit proliferation by ERK inactivation [@R6],[@R24],[@R25]. Next, we detected the phosphorylation of ERK in the cell lines.

![CGA increased 5-FU-induced ROS production in hepatocellular carcinoma cell. HepG2 cells were treated with control (A), 3% H~2~O~2~ as the positive control (B), 125 μmol/l CGA (C), 250 μmol/l CGA (D), 20 μmol/l 5-FU (E), and a combination of 20 μmol/l 5-FU and 250 μmol/l CGA (F) for 24 h. (a) Intracellular ROS production was detected using the ROS detection probe CM-H~2~DCFDA. The fluorescence intensity of ROS was directly measured using fluorescence microscopy (magnification, ×200). (b) Intracellular ROS production in HepG2 cells treated with 20 μmol/l 5-FU, 250 μmol/l CGA, and the combination of 20 μmol/l 5-FU and 250 μmol/l CGA was quantified using flow cytometric analysis. (c) Intracellular ROS production in Hep3B cells treated with 20 μmol/l 5-FU, 250 μmol/l CGA, and the combination of 20 μmol/l 5-FU and 250 μmol/l CGA was also quantified using flow cytometric analysis. Experiments were conducted in triplicate. Data are shown as the mean±SEM (*n*=3). \**P*\<0.05 compared with the control. CCK-8, cell counting kit-8; CGA, chlorogenic acid; CM-H~2~DCFDA, 5-(and-6-)chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate; 5-FU, 5-fluorouracil; ROS, reactive oxygen species.](cad-26-540-g004){#F2}

Combination of 5-FU and CGA inhibited MAPK/ERK activation in hepatocellular carcinoma cells
-------------------------------------------------------------------------------------------

The mitogen-activated protein kinase signaling pathway plays a key role in cell proliferation [@R26]. Aberrant regulation of this pathway is related to the pathogenesis of several human cancers and contributes toward resistance to cancer drugs [@R27],[@R28]. The activation of ERK1/2 was examined according to the level of phosphorylated ERK1/2 using immunoblot. After 24 h of treatment, no significant changes were observed in the activation of ERK1/2 in HepG2 cells by 5-FU or CGA alone. However, the combined treatment of both 5-FU and CGA markedly inhibited the phosphorylation of ERK1/2 in HepG2 cells (Fig. [3](#F3){ref-type="fig"}). A similar phenomenon was observed in Hep3B cells (Fig. [4](#F4){ref-type="fig"}). ROS have been reported to be upstream mediators of ERK inactivation and contribute toward subsequent cell growth arrest [@R24]. Combined with our data, it was suggested that the combination of 5-FU and CGA led to the inactivation of ERK through the overproduction of ROS, which mediated the enhancement of 5-FU-induced inhibition of HCC cells' proliferation; that is, CGA sensitized HCC cells to 5-FU treatment by the suppression of ERK activation through ROS overproduction.

![Activation of ERK1/2 was inhibited in HepG2 cells by the combination of 5-FU and CGA. HepG2 cells were treated as shown in Fig. [1](#F1){ref-type="fig"} for 24 h. (a) Cell lysates were prepared and subjected to immunoblot analysis to determine the level of total ERK1/2 and phospho-ERK1/2. (b) The intensity of the band was quantified using densitometric imaging. Experiments were conducted in triplicate. Data are shown as the mean±SEM (*n*=3). \*\**P*\<0.01 compared with the control. CGA, chlorogenic acid; ERK, extracellular signal-regulated kinase; 5-FU, 5-fluorouracil.](cad-26-540-g005){#F3}

![Activation of ERK1/2 was inhibited in Hep3B cells by the combination of 5-FU and CGA. Hep3B cells were treated as shown in Fig. [1](#F1){ref-type="fig"} for 24 h. (a) Cell lysates were prepared and subjected to immunoblot analysis to determine the level of total ERK1/2 and phospho-ERK1/2. (b) The intensity of the band was quantified using densitometric imaging. Experiments were conducted in triplicate. Data are shown as the mean±SEM (*n*=3). \**P*\<0.05 compared with the control. CGA, chlorogenic acid; ERK, extracellular signal-regulated kinase; 5-FU, 5-fluorouracil.](cad-26-540-g006){#F4}

Discussion
==========

There is an urgent need to search for novel chemosensitizers in the field of cancer therapy. CGA is one of the most abundant polyphenols in the human diet, and according to some epidemiological studies, has been shown to reduce the risk of some chronic diseases. In our experiment, we used the human HCC cell lines, HepG2 and Hep3B, and observed the 5-FU-induced inhibition of HCC cell proliferation. The combined treatment with CGA enhanced this inhibition (Fig. [1](#F1){ref-type="fig"}). 5-FU stimulated the overproduction of ROS, and the combination of 5-FU and CGA led to an even more prominent overproduction of ROS (Fig. [2](#F2){ref-type="fig"}). Moreover, the combination of 5-FU and CGA led to inactivated ERK1/2, although no significant changes were observed after the use of 5-FU alone or CGA alone (Figs [3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). In combination with previous reports [@R24], our results suggest that CGA could enhance the 5-FU-induced inhibition of HCC cell proliferation by the inactivation of ERK1/2 through the overproduction of ROS.

CGA is a common dietary polyphenol that can be found in many plant species and is a major component of coffee. Epidemiological studies have shown that CGA exerts many biological effects and may play a role in the development of several chronic diseases associated with coffee consumption. It has been reported that CGA may protect against oxidant stress in the liver by the promotion of the Nrf2/ARE antioxidant system, which synthesizes the antioxidant and phase II detoxifying enzymes [@R29]. In addition, the anticancer activities of CGA have also been shown to be increasingly more conspicuous. CGA has been shown to protect the mouse epidermal cell line JB6 against environmental carcinogen-induced carcinogenesis through the upregulation of cellular antioxidant enzymes and the suppression of NF-κB, activator protein-1, and mitogen-activated protein kinase activation [@R30]. CGA inhibits the migration of U-87 glioma cells [@R31]. CGA also inhibits the proliferation of human colon cancer cells and liver cancer cells [@R32]. In addition, CGA was cytotoxic to the human HCC cell line (HCCLM3) at doses between 400 and 800 μg/ml [@R33]. Burgos-Moron *et al*. [@R7] reported that CGA induced DNA damage in normal and cancer cells, which indicates the possible carcinogenic and therapeutic potential of CGA. Therefore, the exact underlying mechanism of CGA remains elusive. In our study, at a lower concentration, no significant changes were observed in the viability of HepG2 cells. However, a high dosage of CGA decreased cell viability and led to cell death (data not shown), which is also what was observed in the report by Burgos-Moron and colleagues. Therefore, it was better to explore the optimal dosage of CGA so that it can be used in a clinical setting in the future.

ROS are upstream mediators of ERK inactivation [@R6],[@R24]. Zhang *et al.* [@R25] have reported that ROS inhibit ERK phosphorylation in Hep-2 cells after 9-hydroxypheophorbide α-mediated photodynamic therapy. Belkaid *et al.* [@R31] also reported that CGA inhibits sphingosine-1-phosphate-induced ERK phosphorylation in U-87 glioma cells. Our study simultaneously showed the overproduction of ROS and the inactivation of ERK with a combination of 5-FU and CGA, which was considered the mechanism of enhanced 5-FU-induced inhibition of HCC cell proliferation. There was no significant apoptosis in the three treatment groups (Fig. S3, Supplemental digital content 3, [*http://links.lww.com/ACD/A100*](http://links.lww.com/ACD/A100)). Therefore, we speculate that CGA may inactivate ERK through the overproduction of ROS, which mediates the enhancement of 5-FU-induced inhibition of HCC cell proliferation. The Raf/MEK/ERK cascade has also been identified to be related closely to the induction of drug resistance during cancer therapy [@R34]. Our results strongly suggest that CGA could improve the efficiency of 5-FU treatment in cases of HCC through the inactivation of ERK and ROS overproduction. This finding suggests that the combined use of CGA and 5-FU could be a highly efficient strategy to achieve anticancer synergism against HCC. Further in-vivo studies are needed in the future.

Conclusion
----------

The current study shows that CGA can enhance the 5-FU-induced inhibition of HCC cell proliferation. The synergistic effect of CGA and 5-FU may be because of the inactivation of ERK by the CGA-induced overproduction of ROS. Our observations suggest that CGA is a potential chemosensitizing agent of 5-FU chemotherapy in HCC.
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